T etralogy of Fallot (TOF), the most common cyanotic heart defect, is a structural problem that arises from abnormal heart formation. Approximately, 5100 TOF procedures were performed in the U.S. from July 2006 to June 2010; each one generally requires surgical placement of a patch or baffle across the right ventricular outflow tract in an area that normally consists of contractile tissue. 1 An ideal cardiac patch should mimic the native extracellular matrix environment for cardiac cell support and provide the necessary framework for cell signaling molecules or growth factors. 2, 3 Typical porous polymeric matrices used for cardiac tissue engineering have a number of limitations, such as pore walls that limit cellÀcell interactions and delayed electrical signal propagation, which leads to an increased frequency of arrhythmias. 4, 5 Structural, physiological, and mechanical properties of cardiac scaffolds have traditionally been tuned using novel and composite biomaterials, 6, 7 adopting microfabrication methods, 8, 9 or applying chemical cross-linking methods. 10À12 Several studies reported that the incorporation of carbon nanotubes (CNTs) in scaffolds led to improved cell adhesion, changes in cells morphogenesis and signaling, reduced material degradation rates, and altered mechanical properties. 4, 13, 14 These studies all incorporated relatively high concentrations of CNTs, on the order of milligrams/milliliter, which some studies suggest may be toxic to cardiomyocytes and other tissues. 15 Single-walled carbon nanotubes (SWNTs) have the structure of a single graphite sheet rolled into a hollow tube, with diameters ranging from 0.4 to 3 nm and lengths up to tens of microns. 16 SWNTs exhibit a unique combination of mechanical strength 16, 17 (Young modulus = 0.6À1.25 TPa, ∼2À4 times higher than steel), 18, 19 low electrical resistance (resistivity = 1 μΩ 3 cm, ∼2 times lower than copper), 20 and high thermal conductivity (3000 W/m K). 21 This exceptional combination of properties makes SWNTs good candidates for a wide variety of biomedical applications such as drug 22, 23 and gene delivery, 24 biosensing, 25, 26 ablation of cancer cells, 27 cellular imaging, 28À30 and scaffolds for tissue engineering. 13 Irrespective of the method of synthesis or the application, the translation of the exceptional molecular properties into macroscopic assemblies still remains a challenge, mainly because of the difficulty in obtaining highly dispersed and stabilized SWNT solutions for fluid-phase processing. This difficulty originates from the strong van der Waals interactions between SWNT sidewalls. Several dispersion techniques have been adopted 31 Among the different biopolymers that have been proposed as stabilizing agents for SWNTs, chitosan 41, 42 is particularly viable for tissue engineering scaffolds, due to its excellent biocompatibility, biodegradability, and broad availability. 7, 9, 43, 44 Previously, we reported on a suturable, multilayered cardiac patch made from a chitosan and gelatin composite hydrogel supported by a polycaprolactone (PCL) scaffold. 45 The PCL scaffold provides suturability and sufficient tensile strength (>2 MPa of ultimate tensile strength) for use as a cardiac patch, while the gelatin/chitosan hydrogel provides an extracellular matrix (ECM) environment for cardiac cell attachment, eventual patch degradation, and incorporation into native tissue. 46 The process of providing an electrical signal to individual cardiomyocytes early in the tissue regeneration process, however, is still a challenge.
Here we show that incorporating well-dispersed SWNTs in gelatin/chitosan solutions improves the conductivity of hydrogels even at very low concentrations (<100 ppm). Results show that the improved signal transmission from the SWNTs promotes functional maturation, improves electrical coupling, and provides synchronous beating in cardiomyocytes all while maintaining biocompatibility.
RESULTS AND DISCUSSION
Dispersion of SWNTs. SWNT bundles were dispersed in a chitosan and gelatinÀchitosan solution using sonication followed by centrifugation. Figure 1 shows the UVÀvis absorption and NIR emission spectra (660 nm excitation) of the SWNT dispersions in the chitosan and gelatinÀchitosan mixtures after the sonication and centrifugation process. The well-resolved absorbance and emission spectra (i.e., well-defined peaks) in Figure 1 indicate the presence of individually dispersed SWNTs in aqueous media; 47, 48 therefore, the SWNTs were well-dispersed at concentrations up to 350 ppm in both solutions. The spectra did not change after mixing 2% chitosanÀSWNTs with 2% gelatin (the mixture used for scaffold fabrication), which shows that gelatin did not affect the quality of the SWNT dispersion in aqueous chitosan solution. The absorbance and emission peaks in these solutions are not as sharp as those typically observed with the traditional surfactant solutions 47, 48 but are sharper than spectra obtained with other biomolecules (i.e., BSA). 38 In summary, we find that chitosan is an effective biocompatible stabilizing agent for SWNTs and that SWNTs were stable and individually dispersed in the gelatinÀchitosan solutions used to prepare the scaffolds. Notably, the SWNT concentrations used here (0À175 ppm; 0À0.0175% (w/v)) are significantly lower than those in previous studies, which incorporated 0.1À1.3% CNTs to achieve electrical conduction through the hydrogel 49 ,50 Figure 1 . SWNT dispersion analysis using (a) UVÀvis absorption and (b) NIR emission spectra. The SWNTs were well-dispersed at concentrations up to 350 ppm in both chitosan and gelatinÀchitosan solutions.
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(likely due to CNT bundling and lower dispersion quality of the CNTs throughout the hydrogel matrix). Physical Characteristics of Hydrogels Containing SWNTs. Scaffold porosity, pore interconnectivity, and suitable flow channels need to be present for adequate cell invasion, transport of nutrients and waste, and transduction of cellular signals. The circularity is also a desirable factor as a cell delivery system because circular pores having a larger area than cells can promote the pathway for cell invasion. Further, since our gelatinÀchitosan scaffold is geometrically anisotropic, the circular structure can distribute uniform mechanical stresses through the scaffold. Each of these properties is a prerequisite of proper tissue regeneration in hydrogels. 51 Previous studies have demonstrated that incorporating CNTs alters the morphological 
properties of hydrogels or tissues due to the formation of supramolecular hybrid hydrogels with a strong CNT backbone. 52, 53 Figure 2 shows the effects of SWNT incorporation on morphological and structural properties. Hydrogels containing SWNTs showed the same sponge-like matrix after lyophilization as those without SWNTs; higher SWNT concentration yielded darker samples ( Figure 2a) . Additionally, SEM analysis showed that all samples had similar anisotropic and symmetric porous structures ( Figure 2b ) irrespective of SWNT concentration. There was no significant effect of SWNT concentration on the mean pore diameter; however, hydrogels with SWNT concentrations of 69 ppm and higher had more uniform pore diameter distributions than those hydrogels with lower SWNT concentrations ( Figure 2c ). Finally, the circularity of the pores increased significantly with increasing SWNT concentration (circularity (%); 71.6 ( 2.3 in 0 ppm, 80.2 ( 2.8 in 69 ppm, 81.8 ( 3.4 in 175 ppm; p < 0.05, n = 5) ( Figure 2d ). This might be due to the changes in cohesion of the solutions during freeze-drying. 54 Previous studies also demonstrated that the viscosity of solution was increased by dispersion of SWNTs 55 Higher viscosity resulted in slower ice crystal formation that allows neighboring crystals to exert a compressive force on each other and can compact themselves into a more circular arrangement. 54 One common feature of engineered hydrogels made from natural components is a high swelling ratio that drastically weakens the mechanical strength during tissue regeneration. 56 The swelling ratio of the hydrogels was evaluated after 48 h of incubation in cell culture media at 37°C. The 69 and 175 ppm of SWNT hydrogels had a significantly lower swelling ratio than the baseline chitosan gel (no SWNTs) and 33 ppm of SWNT hydrogels (swelling ratio (%); 244 ( 13 in 0 ppm, 193 ( 7 in 33 ppm, 124 ( 8 in 69 ppm, 123 ( 8 in 175 ppm; p < 0.05, n = 5) ( Figure 2d ). The effect of SWNT concentration on the degradation rate and compressive modulus of the hydrogels was evaluated in physiological conditions. All samples had ∼40% weight loss after 2 weeks of incubation with no significant difference observed between samples over time (p > 0.05, n = 5) (Figure 3a) . Samples without SWNTs showed a linear decrease (R 2 = 91%) in weight and lost ∼80% of their weight after 3 weeks of incubation. Samples containing SWNTs, however, showed significantly slower degradation during the period of 2À3 weeks, likely as a result of increased hydrophobicity. A similar reduction in pH was observed every carbon bonds. 57, 58 Our results also indicated that hydrogels with SWNTs had a 65% increase in compressive modulus when SWNT concentration was increased from 0 to 175 ppm. Hydrogels with SWNT concentrations of 69 ppm or higher had much higher compressive moduli than hydrogels containing 0 or 33 ppm of SWNTs (11.4 ( 2.0 kPa of 0 ppm, 15.1 ( 1.2 kPa of 69 ppm, 19.3 ( 3.0 kPa of 175 ppm; p < 0.05; n = 5) (Figure 3d ). There was no significant difference in compressive modulus between hydrogels containing 0 and 33 ppm of SWNTs. A previous study also reported that the incorporation of CNTs in polypropylene biocomposites increased the stiffness of hydrogels by 67% when increasing CNT concentration from 0 to 0.3% w/v (=3000 ppm). 49 Ventricular Myocyte Viability and Beating Frequency. The literature is divided on the cytotoxicity of carbon nanotubes. Here we studied the effect of SWNT concentration on cell viability to establish the optimal conditions for cardiomyocytes cultured in gelatinÀ chitosan hydrogels by liveÀdead cell immunostaining after 4 days in culture (Figure 4a ). Neonatal rat ventricular myocytes (NRVM) cultured in hydrogels with SWNT concentrations of 69 ppm or lower had >80% viability and showed no significant difference in cell viability compared to NRVM cultured on control tissue culture plastic. However, at 175 ppm, samples showed significantly reduced NRVM viability (47.7 ( 6.9%; p < 0.05, n = 5) (Figure 4b ), suggesting that potential SWNT toxicity may be dose-dependent. A recent study by Mooney et al. also showed that concentrations of CNT above 0.032 mg/mL (=32 ppm) adversely affected the viability of mesenchymal stem-cell-derived cardiomyocytes. 
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The SWNT concentration also affected the spontaneous beating frequency of NRVM. NRVM in all samples started beating regionally after 3À4 days in culture and synchronously after 6À8 days in culture. Samples below 33 ppm showed a similar beating frequency as the samples without SWNTs (∼100 beats/min) (Figure 4c) , well below the natural beating frequency of rat hearts (330À480 beats/min). The beating rate of the cells increased significantly on scaffolds with SWNT concentrations higher than 33 ppm (p < 0.05, n = 10). The beating rate of 33 ppm of SWNT samples was ∼240 beats/min, and NRVM grown on 69 ppm or higher concentrations of SWNTs had a consistent rate of ∼310 beats/min, approaching the beating frequency of rat hearts (Figure 4c ).
Ventricular Myocyte Functionalization and Action Potential.
The cell morphology of NRVM was evaluated by immunostaining after 7 days of culture ( Figure 5 ). After 7 days, all samples had well spread myocytes (Figure 5a ) in close contact and all hydrogels showed spontaneous beating. Figure 5a also indicates that ventricular myocytes on all samples showed clearly expressed sarcomeres (R-actinin = green) and gap junctions (connexin-43 = red) demonstrating interconnected and integrated myocytes. However, these cells had a different cell morphology compared to cells in viability studies. This is probably due to the greater number of fibroblasts resulting from the higher initial cell density and longer culturing time (4 days vs 7 days). In addition, the shape of the cardiomyocytes is different than ARTICLE typical aligned cardiomyocytes because cells spread anisotropically through the anisotropic porous structure of the scaffold. Western blot analysis for protein expression revealed that the inclusion of SWNTs in gelatinÀchitosan hydrogels significantly increased R-actinin expressions (p < 0.05, n = 5) while minimally affecting connexin-43 expression (Figure 5bÀd) . In Figure 5a , the sarcomeres and gap junctions are clearly visible. This suggests that the upregulation of R-actinin in NRVMs plated on hydrogels containing SWNTs leads to more mature cardiomyocyte contractile function. This is supported by both the increase in NRVM beating frequency and the increase in NRVM conduction velocity. Though an increase in connexin-43 was not seen between samples, hydrogels containing SWNTs clearly expressed a more physiologically relevant localization of connexin-43 to localized gap junction formations at cellÀcell junctions than hydrogels without SWNTs. As a result, the increased number of functional gap junctions between NRVMs could also play a role in increasing beating frequency and conduction velocity. 60 In vitro assessment of action potential properties was performed in NRVM in gelatinÀchitosan composite hydrogels with and without SWNTs after 7 days in culture, using a voltage-sensitive dye (Di-8-ANEPPS). Conduction velocity of the action potential depends on two main factors: intercellular electrical coupling and cellular electrical excitability. 60 Figure 6a shows the activation time propagation, and Figure 6b presents an action potential signal from NRVM cultured on hydrogels. Our results show that the propagation of conduction velocity was strongly affected by the presence of SWNTs (Figure 6a ). The conduction velocity of NRVM cultured in hydrogels containing SWNTs was ∼23 cm/s, which is significantly faster than NRVM cultured in hydrogels without SWNTs. (Figure 6c ). Quantitatively, the results show that the average conduction velocity (CV) of NRVM cultured on hydrogels containing SWNTs was significantly faster than on pure hydrogels (CV of 5.2 ( 1.2 cm/s in 0 ppm, 21.9 ( 7.4 cm/s in 33 ppm, 22.0 ( 8.7 cm/s in 69 ppm; p < 0.05, n = 5) (Figure 6d ). These results confirm that SWNTs enhanced cellular electrical excitability and lead to more mature action potential properties in cardiomyocytes.
CONCLUSIONS
These results demonstrate that introducing small amounts of well-dispersed, high-quality SWNTs into a chitosan-based hydrogel supports cardiomyocyte functionalization and greatly speeds up conduction velocity, nearly attaining the natural beating rate of rat hearts. Tissue engineered scaffolds with these properties would make improved myocardial patches for a full-thickness defect patch in right ventricular outflow track repair for Tetralogy of Fallot, repair of septal defects, and other heart defects. Future research will involve testing SWNTs' gelatinÀchitosan scaffold in vivo in a full-thickness defect right ventricle patch in a rat model.
METHODS
Dispersion of Carbon Nanotubes. Single-walled carbon nanotubes were purchased from Carbon Nanotechnologies (HiPco batch 195.3). The SWNTs were used as-received, without further purification or functionalization procedures. HiPco SWNTs are typically composed of 60% semiconducting and 40% metallic tube species; 64 the sample purity is >90%, 65À67 and the size distribution ranges from 0.7 to 1.3 nm, with an average diameter of 0.98 ( 0.21 nm. 47, 65, 68 SWNTs show a wide length polydispersity, with length distribution ranging from 0.1 to 4 μm; 65, 69, 70 however, the sonication process used to disperse SWNTs in aqueous solutions shortens the tubes to an average length that depends on the sonication time and power. 71 The average length of SWNTs used in this work after sonication in the 2% chitosan solution was 262 ( 6 nm, obtained from shear rheology measurements 70, 72 assuming a chitosan diameter of 0.845 nm. 73 SWNTs were incorporated into gelatin/chitosan composite hydrogels using previously described procedures with slight modifications. 45, 74 Briefly, 500 ppm (0.5 mg/mL) SWNTs were dispersed in 0.5 M acetic acid chitosan (2% w/v, Sigma-Aldrich, St. Louis, MO) solution using a tip-sonicator (model S-4000-010, Misonix, NY) at 12 W for 15 min. After sonication, the solution was centrifuged for 2 h at 13 000 rpm to remove undispersed SWNT aggregates. The supernatant was then collected and recentrifuged for an additional 1 h at 13 000 rpm to further separate debundled tubes from remaining aggregates. UVÀvisÀNIR absorption and SWNT photoluminescence spectra were collected with NS1 NanoSpectralyzer (Applied NanoFluorescence, TX) to characterize the quality of the SWNT dispersions using a 2% chitosan solution as reference. SWNT fluorescence was excited at 660 nm, and emission was detected between 900 and 1400 nm. SWNTÀchitosan solutions were then diluted with 2% chitosan solution to attain the desired concentration and then mixed with gelatin solution (2% w/v, type A, Sigma-Aldrich, St. Louis, MO). Next, 250 μL of the SWNTÀchitosanÀgelatin solution was poured into a custom Teflon mold to produce a disk, followed by lyophilization at À50°C for 24 h. Formed scaffolds were neutralized using 100% ethanol and rehydrated using phosphate buffered saline (PBS).
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Measurement of SWNT Concentration and Porosity. Lyophilized samples were allowed to dry overnight in a vacuum desiccator at room temperature. The diameter and thickness of dry matrices were measured to calculate the volume, and then samples were attached to aluminum stubs with carbon tape and sputter-coated with gold for 1 min. Surface architecture of the scaffolds was analyzed using a scanning electron microscope (JEOL 6360, Jeol USA Inc., Peabody, MA) at an accelerating voltage of 15 kV. Images were analyzed for the average pore diameter and circularity (n = 15 on 4 different samples) using ImageJ. Swelling ratio was also evaluated by calculating the ratio of the volumes of wet samples to the volume of dry samples. The volume of wet samples was measured after 48 h incubation in PBS at 37°C.
Measurement of Degradation Rate and Compressive Modulus. Degradation rates of samples were analyzed using a previously described procedure with minor modifications. 45 Briefly, 6 mm diameter samples were cut from samples containing different SWNT concentrations, washed with deionized water, sterilized in 70% ethanol for 1 h, and washed thoroughly in sterile KrebsÀHenseleit buffer solution (119 mM NaCl, 4.7 mM KCl, 25 mM NaHCO 3 , 2.5 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 ) prior to incubation in 10 mL of KrebsÀHenseleit buffer solution (pH 7.4). Samples were placed in 12-well plates, and incubation was carried out in an incubator maintained at 37°C and 5% CO 2 / 95% air. The weight of samples was measured every 4 days. During incubation, the pH of the effluent was measured and maintained at 7.4 by replacing the buffer solution once every 4 days. The amount of SWNT in the scaffolds after 12 and 20 days of the degradation process was determined using a published procedure with minor modifications.
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Scaffolds were lyophilized for 12 h at À55°C. Then samples were weighed, mixed with 2 mL of chlorosulfonic acid, and magnetically stirred for 3 h to allow for complete dissolution of the scaffolds. UVÀvisÀNIR absorption spectra in the range of 550 to 1100 nm were collected on a Shimadzu UV-1800 spectrophotometer using 1 cm path length quartz cuvettes covered with Teflon caps. The value of absorbance at 1000 nm, where absorbance from both gelatin and chitosan becomes negligible, 78À80 was used to calculate SWNT concentration in the solution of chlorosulfonic acid by comparison to a calibration curve of absorbance versus SWNT concentration.
The compressive modulus of hydrogels was also measured to find the effect of different SWNT concentration (0, 33, 69, and 175 ppm) using a previously described procedure with minor modifications. 45 Samples were neutralized using 100% ethanol and rehydrated using PBS, then hydrogels were preconditioned in high-serum plating media (Dulbecco's modified Eagle medium, 17% M199, 10% horse serum, 5% fetal bovine serum, 100 U/mL penicillin, and 50 mg/mL streptomycin) at 37°C for 24 h. Hydrogels (n = 5) were placed in stainless steel platens in an Instron 5942 (Norwood, MA) and compressed up to 3% strain (∼100 μm) at 10 μm/s of load speed. The loadÀdisplacement data were then converted into compression stress.
Neonatal Rat Ventricular Myocyte Isolation and Culture. All studies involving experimental animals were approved by the Institutional Animal Care and Use Committees of both Rice University and Baylor College of Medicine. Neonatal rat ventricular myocytes were isolated from 1À3 day old SpragueÀDawley rat hearts as described previously. 81 Briefly, rats were anesthetized with isoflurane, decapitated, and the hearts removed. Blood vessels and atria were trimmed, leaving only the ventricles. Ventricular cardiomyocytes were isolated using enzymatic digestion with an isolation kit (Cellutron, Highland Park, NJ). Isolated cells were preplated in Petri dishes for 2 h to remove fibroblasts and endothelial cells. Unattached cells at 0.5À3 Â 10 6 cells in 2 mL of high-serum plating media were seeded onto each hydrogel. After 24 h, cell seeded samples were transferred to a low serum media (Dulbecco's modified Eagle medium, 18.5% M199, 5% horse serum, 1% fetal bovine serum, and antibiotics). Cell cultures were maintained at 37°C and 5% CO 2 /95% air, and fresh maintenance medium was added every day. All culture medium was purchased from Invitrogen (Carlsbad, CA), and serum was purchased from PAA Laboratories (Ontario, Canada).
Immunofluorescence Analysis. Cardiomyocyte adhesion, morphology, and viability on hydrogels were analyzed. For viability testing, 0.5 Â 10 6 cells were seeded onto hydrogels and cultured for 4 days. For cell adhesion and morphology testing, 3.0 Â 10 6 cells were seeded onto hydrogels and cultured for 7 days. All samples were maintained in 5% CO 2 /95% air at 37°C with medium changed every 24 h. Cells were then washed in cold (4°C) PBS and fixed in 4% paraformaldehyde (Electron Microscopy Sciences) for 20 min at 4°C. Cells were washed with PBS and made permeable with 0.5% Triton X100 (Sigma). Cells were again washed in PBS and stained with Alexa Fluor 488 Phalloidin (Invitrogen Corp., Eugene, OR) at a 1:1000 dilution in 1% bovine serum albumin (BSA, Gemini Bioproducts) overnight at 4°C. Cells were then counterstained with DAPI-containing Vecta Shield (Vector, Burlingame, CA). Images were obtained using a DMI 6000B (Leica Microsystems, Bannockburn, IL) fluorescence microscope to analyze cell adhesion and morphology. Primary and secondary antibodies of cardiac cell markers were also used to characterize NRVM morphologies. Monoclonal anti-R-actinin (1:400, Sigma-Aldrich, MO) and anti-connexin-43/GJA1 (1:400, Abcam, MA) were used to visualize sarcomeres and gap junctions, respectively. Antibodies were used at a 1:400 dilution in 1% BSA and incubated for 1 h at room temperature. Secondary antibodies of DyLight 488-conjugated goat antimouse (1:400, JacksonIR, PA) and 549-conjugated goat antirabbit were used at 1:400 dilutions in 1% BSA and incubated for 30 min at room temperature followed by four 1% BSA washes. Additionally, NRVM were cultured on multilayered scaffolds for 4 days and stained with live/dead assay reagents (Invitrogen Corp., Eugene, OR) to determine cell viability.
Measurement of Conduction Velocity. Conduction velocity of NRVM on gelatin or heart matrix scaffolds was analyzed using the voltage sensitive dye Di-8 ANEPPS (Enzo Life Science, Farmingdale, NY) and an IonOptix system (IonOptix LLC, Milton, MA) followed by manufacturer's and previously described procedures with modifications. 82, 83 Briefly, spontaneously beating scaffolds with 7 day cultured NRVM were transferred to a 35 mm Petri dish and covered with 2 mL of warm Tyrode's solution (pH = 7.4) of the following composition: 130 NaCl, 5.4 KCl, 1 MgCl 2 , 0.3 Na 2 HPO 4 , 5.5 D-glucose, 10 HEPES, 2 CaCl 2 in mmol/L. Then, 2 mL of Di-8 ANEPPS (2 mM) in DMSO was added to the Petri dish and, scaffolds were incubated for 13 min after being covered with aluminum foil. Stained scaffolds were transferred to a custom-built chamber that maintained the temperature of the Tyrode's solution at 37°C. Cells were stimulated though platinum electrodes on the side of the scaffold with the following settings: 0.5À1 Hz, 5 V, 10 ms duration, and bipolar. Action potential signals at 11 different positions were measured while electrodes were fixed in the same position throughout the experiment. Conduction velocity was calculated by measuring the activation time to 50% of action potential magnitude as well as the distance between electrodes and the positions where signals were obtained. Action potential duration (APD 50 and APD 80 ) was determined by measuring the repolarization time to 50 and 80% of return to baseline amplitude.
Statistical Analysis. Cell culture experiments were repeated three to six times with quadruplicate samples. Mechanical testing was repeated four or more times. Specific repeat numbers are noted in figure captions. Results are reported as mean ( standard deviation. Significant differences between two groups were evaluated using analysis of variance with 95 or 99% confidence intervals, then paired differences were tested with a post-hoc t test with a BonferroniÀDunn correction for multiple comparisons. When p < 0.05, the differences were considered to be statistically significant.
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